Eighty-five cDNA clones for 'y-zein (proline-rich zein) from a cDNA expression library were isolated using specific antibody and cDNA probes. Nucleotide sequences of seven independent clones were determined and found to be identical in regions where they overlapped. The primary structure of the mature protein, determined from the sequence of one near full-length clone, consists of 204 amino acids. It has a molecular weight of 21,824 daltons, about 5 kilodaltons less than that estimated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Storage proteins in maize endosperm are classified into four solubility groups: albumin, globulin, prolamin, and glutelin (17) . The prolamin of maize, zein, is a group of highly hydrophobic proteins insoluble in aqueous buffers but readily soluble in organic solvents, alcohol in particular. According to a nomenclature system used by the junior author, there are three classes of zein: a, ,B, and -y. These classes differ from each other with respect to solubility, mol wt, amino acid composition, and sequence and immunological properties. a-Zein (80% of total zein) (9) consists of 20 to 24 kD polypeptides and has been studied extensively at both protein and nucleic acid levels (4, 11, 16, 18) . Viotti et al. (21) estimated that there were 120 copies of a-zein gene per haploid genome. f3-Zein (15% of total zein) (9) consists of 17 and 18 kD polypeptides and has also been studied at both protein and nucleic acid levels.
y-Zein is the least abundant zein (5-10% of total zein) (9) and is soluble in alcohol as well as in water in the presence of a reducing agent. When separated by SDS-PAGE, y-zein gives a broad (diffuse) band with an estimated mol wt of 27 kD (6) . The analysis of y-zein fraction isolated by differential solubility at low pH indicated the presence of at least two size classes (14) .
As for the charge heterogeneity, one can readily detect 14 to 16 components focusing between pH 6.0 and 9.5 after IEF' in polyacrylamide gels containing 6 M urea (6) . Based on these observations, it was postulated that y-zein was encoded by a multigene family.
Esen et al. (7) determined the sequence covering the first 58
'Abbreviation: IEF, isoelectric focusing.
residues of the N-terminal region by amino acid sequence analysis. They found that tandem repeats of a hexapeptide unit, ProPro-Pro-Val-His-Leu, occurred at least six times in the N-terminal sequence. In the present paper we report additional data on 'y-zein including the nucleotide sequences of seven independent 'y-zein cDNA clones and the complete deduced primary structure of the mature protein.
MATERIALS AND METHODS Polysome Isolation and in Vitro Translation. Polysomes from developing maize kernels of inbred line SSA419 were isolated 26 d after pollination according to the procedure of Vodkin (22) . Polysome bound mRNAs were in vitro translated in a Wheat Germ System (BRL) according to the procedure of the supplier and using [3H]proline as label. Translation products were centrifuged for 10 min in a microfuge at 4°C to remove insoluble zeins (a and ,3) which otherwise coprecipitate with antibody-y-zein complexes later. Antibody against y-zein was added to the supernatant fluid and the mixture was incubated at 4°C for 4 h. Then goat antirabbit IgG (GAR) was added, incubated at 4°C overnight, and centrifuged. The pellet was dissolved in SDS gel sample buffer (13) and analyzed by SDS-PAGE. The gel was treated with EN3HANCE (New England Nuclear) as described by the supplier, dried, and autoradiographed for 2 to 4 d at -70°C to visualize the radioisotope-labeled protein. Antiserum against y-zein was prepared as described by Esen et al. (8) .
cDNA Synthesis and Isolation of y-Zein Clones from an Expression Library. cDNA synthesis, construction of cDNA expression library, immunoscreening, and hybridization screening ofthe library with antibody, and labeled y-zein cDNA probes were according to the procedure of Helfman et al. (12) and its modification (23) . cDNA inserts were cleaved out from a total of 85 positive clones by digestion of the recombinant plasmid with Eco RI and Sal I, their lengths were compared after agarose gel electrophoresis, and seven clones with different lengths of inserts were selected for final characterization.
Subcloning of y-Zein cDNA for Sequencing. y-Zein cDNA inserts from six clones (yZM5, 8-1, 8-3, 8-7, 11-6, and 11-7) isolated by immunoscreening of cDNA expression library, and one clone (yZGS71) obtained by hybridization screening were subjected to DNA sequence analysis. They were double digested out of the pUC8 plasmid by Eco RI and Sal 1 and subcloned into M 13 mpO and mpl 1 in order to sequence both the 5' and 3' ends. Clone yZM5, the longest insert among the ones selected by antibody probe, was partially and completely digested with Pst 1. The digested fragments were purified by electrophoresis and subcloned into M 13 mpl O.
DNA sequencing was performed following the Sanger's dideoxy method using [35S]dATP as label (2) . Single stranded DNA preparation, sequencing reactions, and gel electrophoresis were performed following the procedures (1) provided by the supplier of reagents (Amersham).
RESULTS
In Vitro Translation and Immunoprecipitation of the Product. Polysome bound mRNAs of inbred line SSA419 were in vitro translated and then the in vitro translation product was immunoprecipitated. The precipitate produced a narrow band (Fig.  1A) on SDS-PAGE, contrary to that observed for mature protein which usually produces a broad and diffuse band on stained SDS-PAGE gel (6) . In addition, to rule out the possibility that antibody might not react with all the 'forms' or 'bands' of yzein, they were transferred from an IEF gel (Fig. 1 B) Sequence Determination. y-Zein cDNA inserts subjected to DNA sequencing varied in length from 250 to about 900 base pairs as shown in Figure 2 . Clone yZM5 having the longest insert among those selected by immunoscreening was chosen for complete sequencing while others were sequenced both from their 5' and 3' ends except yZM8-1 whose 5' end was sequenced only (Fig. 2) . The length and position of each clone and its sequenced regions are indicated in Figure 2 with reference to the first base of the codon specifying the N-terminal residue of the mature polypeptide. Clone yZM8-3 was sequenced from nucleotide number -15 to 186 and from 92 to 236, clone yZM8-7, from 157 to 438 and from 530 to 620, clone yZM8-1, from 157 to 359, clone yZM1 1-7, from 151 to 402 and from 521 to 730, clone yZM 11-6, from 13 to 165 and from 496 to 746, clone yZGS71 from 243 to 316 and 150 nucleotides at 3' end. When the sequence data from all seven clones were compared, it was found that they were identical in all the regions where they overlapped. While this manuscript was in preparation, the sequence of a y-zein cDNA clone with full length coding sequence but shorter 3' nontranslated region than yZM5 was published by Prat et al. (19) . Their sequence data and ours are in full agreement.
The sequences of both DNA and the deduced protein are shown in Figure 3 . When the deduced N-terminal amino acid sequence was compared to the determined sequence (7), the two sequences showed perfect agreement. The amino acid composition calculated from the sequence showed that y-zein contained 25% proline, 15% glutamine, 8% histidine, and does not have aspartic acid, asparagine, lysine, and tryptophan. There was also very close agreement between the amino acid composition calculated from the sequence and the one determined by amino acid analysis (6) . The deduced mature protein has 204 amino acid residues with a mol wt of 21 .824 kD which is about 5 kD smaller than that estimated (27 kD) by SDS-PAGE.
Tandem Repeats in -y-Zein Sequence. The existence oftandem repeats of the hexapeptide Pro-Pro-Pro-Val-His-Leu in the Nterminal sequences of gamma-zein was reported earlier (7). The intriguing question was how far the hexapeptide repeats extended. As can be seen in Figure 3, Val-His-Leu repeats tandemly and perfectly eight times except the No. 7 repeat in which Leu is replaced by Val. It is interesting to note that this is the only substitution within the eight repeats and is the result ofa single nucleotide substitution, C to G. There are also four successive proline residues flanking the stretch of eight tandem repeats at both ends. Another intriguing point is that when the repeats are lined up as in Figure 4 , the codon for the third proline in each is invariably CCG. Moreover, codons for the first prolines are either CCG or CCA while those for the second prolines are either CCG or CCT. At other positions of the coding sequence, however, proline codons could be any one of the four possible codons, CCN. In addition, there are two tandem repeats of 24 nucleotides between positions 232 and 279 (CAG CCA CAC CCA TGC CCG TGC CAA and CAG CCG CAT CCA AGC CCG TGC CAG) coding for the octapeptides Gln Pro His Pro Cys Pro Cys Gln and Gln Pro His Pro Ser Pro Cys Gln, respectively. When these two repeats are compared, they differ from each other by four base substitutions, only one of which is in the first position of a codon and results in amino acid substitution (missense) while the rest are in the wobble position and thus do not change the amino acid sequence. The only amino acid substitution is from cysteine to serine resulting from a single base change from T to A. The first unit of the octapeptide tandem repeat is preceded by the sequence Gln-Pro-His-Pro which is the same as the first half of the octapeptide repeating unit itself (Fig. 3) .
y-Zein primary structure also contains such dipeptide repeats as Ala-Ala, Gln-Gln, Gly-Gly, Leu-Leu in its second one-half. Similar repeats were also observed by Geraghty et aL ( 11) in azein.
Codon Usage and GC Ratio. The y-zein cDNA and its deduced protein product can be divided into two distinct halves based on their nucleotide and amino acid composition, respectively. The first part is the N-terminal one-half of the mature protein (102 amino acids) which is rich in proline, low in glutamine, but devoid of alanine (0 Ala; 41 Pro; 8 Gln) and includes all the tandem repeats. The second part includes the C-terminal onehalf (102 amino acids) and is rich in glutamine and alanine (10 Ala; 10 Pro; 22 Gln). The nucleotide sequence coding for the eight tandem hexapeptide repeats plus the four flanking prolines is extremely GC-rich, 73.6%. Similarly, the whole coding region is also GC-rich, 69.8%. In contrast, the 3' nontranslated part has Like other genes, y-zein gene has preference in codon usage as shown in Table I . In fact, the codon preference was dictated by the base preference in the wobble position. To reflect this phenomenon, a codon usage value, U=O/T, was calculated for each of the four bases by dividing its observed number of occurrence (0) by the theoretical one (T). As shown in Table II , there are significant differences in base usage (U value) in the wobble position of codons. For example, G is a consistently favored nucleotide for the wobble position. It was used in this position twice as frequently as would be expected on a random basis. T 
DISCUSSION
The sequence data revealed that -y-zein has an unusual primary structure. The existence of eight essentially identical hexapeptide and two octapeptide repeats suggest that they play an important role in the structure and function of y-zein. The codon for the third proline in the hexapeptide repeating unit is invariably CCG and some degree of preference, i.e. CCG/CCA and CCG/CCT, is also apparent for the first two prolines. Some degree of conservation at the nucleotide level, at other positions ofthe repeats, is also apparent. Whether or not the high degree of conservation at the nucleotide sequence level has significance or is just fortuitous is presently not known. The fact that there occurred only one amino acid substitution, a conservative one, in the sixth position of the seventh repeat and otherwise all eight repeats of the hexapeptide unit are identical suggests that this sequence is extremely critical to the function of y-zein. Although the biological function of -y-zein is presently not known, it is expected to be the focus of future research efforts. y-Zein was found to be located in the periphery of the protein bodies and upon its removal the protein body changed its general shape (15) . This may suggest that y-zein not only serves as nutrient reserve, but also has some structural function in the protein body. This idea is favored by the fact that there are regular repeats at the Nterminal region ofthe protein. One hypothesis is that y-zein may serve as a skeleton or lining on the inner surface of protein body membrane where it can form multimeric networks through disulfide linkages with itself or other cysteine-rich proteins like glutelins and some zeins facilitating the packaging of protein into the protein body.
The mol wt of y-zein calculated from deduced amino acid sequence is about 5 kD less than that estimated by SDS-PAGE. High histidine plus arginine content of y-zein would reduce the net negative charge of the SDS-protein complexes and slow their rate of migration in electric field towards the anode in comparison to that of an average protein. In fact, mobilities slower than expected from their mol wt have been observed with other basic proteins such as histones and Cyt c. Alternatively, the preponderance of prolines in the primary structure of y-zein may cause it to convert to a fully extended polypeptide chain as a result of destruction ofits secondary and tertiary structure when subjected to a denaturant. This possibility is a strong one because a fully extended polypeptide chain would be retarded to a greater extent than a partially denatured one of the same size. Overestimation of mol wt by SDS-PAGE has also been reported for proline-rich proteins from other cereals as well as from animals (3) although the reason for this anomaly is not fully understood. It is also conceivable that addition of prosthetic groups to y-zein during or after its synthesis can cause the increase in the observed mol wt.
The sequence information obtained from seven independent clones suggest that there is probably only a single coding sequence for y-zein although the existence of a small gene family with two 
